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Abstract: Single-walled carbon nanotubes (SWCNTs) have shown increasing promise in the 
field of biomedicine, especially in applications related to the nervous system. However, there 
are limited studies available on the neurotoxicity of SWCNTs used in vivo. In this study, neu- 
robehavioral changes caused by SWCNTs in mice and oxidative stress were investigated. The 
results of ethological analysis (Morris water maze and open-field test), brain histopathological 
examination, and assessments of oxidative stress (reactive oxygen species [ROS], malondi- 
aldehyde [MDA], and glutathione [GSH]), inflammation (nuclear factor kB, tumor necrosis 
factor a, interleukin-iP), and apoptosis (cysteine-aspartic acid protease 3) in brains showed 
that 6.25 and 12.50 mg/kg/day SWCNTs in mice could induce cognitive deficits and decreased 
locomotor activity, brain histopathological alterations, and increased levels of oxidative stress, 
inflammation, and apoptosis in mouse brains; however, 3.125 mg/kg/day SWCNTs had zero 
or minor adverse effects in mice, and these effects were blocked by concurrent administra- 
tion of ascorbic acid. Down-regulation of oxidative stress, inflammation, and apoptosis were 
proposed to explain the neuroprotective effects of ascorbic acid. This work suggests SWCNTs 
could induce cognitive deficits and decreased locomotor activity, and provides a strategy to 
avoid the adverse effects. 

Keywords: behavioral changes, oxidative stress, inflammation, apoptosis 

Introduction 

Since their emergence a few decades ago, nanomaterials have found use worldwide. 
Carbon nanotubes (CNTs) are one of the most widely known members of the nano- 
material family. Based on their structure, CNTs are classified into single-walled 
CNTs (SWCNTs) and multi-walled CNTs. Their unique physicochemical properties 
make CNTs a good choice for a variety of applications, such as in sporting goods, 
automobile products, and household items.' Notably, CNTs hold great promise for in 
vivo medical applications.^-^ 

CNTs have attracted increasing attention in medical neurosciences. CNT-based elec- 
trodes not only show high sensitivity in detecting current change,'' but are also applied 
to electrical nerve stimulation as a treatment for nervous system diseases because of 
their unique electrical conductivity.^ When used in nerve cell growth scaffolds, CNTs 
provide a perfect cell-material interface for cell growth and differentiation, whereby 
the scaffolds can enhance the adherence rate to cells, improve cell vitality, and induce 
stem cell differentiation into mature nerve cells.''"'* Because of their strong ability to 
cross cell membranes,' CNTs have been reported to deliver drugs or genes into brain 
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nerve cells for the treatment of glioma'" or neurodegenerative 
diseases such as Alzheimer's disease." 

With the increasing use of CNTs, the possibility of expo- 
sure to CNTs also rises significantly, and thus the safety of 
CNTs to biological systems has become a major concern for 
their further application. Several biocompatibility studies 
have shown that CNTs can accumulate in organs,'^ gener- 
ate oxidative stress,'^ '* and damage cells'^ and organs such 
as the lung, heart, and testes."'"'* However, there is a lack 
of data regarding the potential neurotoxic effects of CNTs, 
especially from in vivo studies. 

Several in vitro studies have demonstrated the neuro- 
toxic effects of CNTs, including a cell viability decrease 
and the induction of both oxidative stress and apoptosis."'^" 
However, the cell type influenced the uptake, localization, 
and cytotoxicity of nanoparticles in an in vitro study.^' In 
addition, physicochemical characterization, in vitro assays, 
and in vivo studies are regarded as the three key elements 
of a toxicity screening strategy for nanoparticles.^^ Hence, 
systematic in vivo studies mimicking the possible effects in 
humans are urgently required to ensure the safe use of CNTs 
in biomedicine, especially in the nervous system. 

In this study, behavioral changes in mice after exposure 
to SWCNTs were detected, and the key upstream events for 
resulting damage were examined to explore the possible 
mechanisms. Mouse neuroblastoma cells were also employed 
to verify the mechanism in vitro (Figures SI and S2). The 
ultimate aim of this study was to define the damage in mouse 
brains after SWCNT exposure and to investigate a suitable 
protective agent to avoid damage caused by SWCNTs, thus 
ensuring the safe medical application of SWCNTs in the 
nervous system. 

Material and methods 

Animals 

Specified pathogen-free class male Kunming mice 
(5-6 weeks old, 22+2 g) were purchased from the Hubei 
Province Experimental Animal Center (Wuhan, People's 
Republic of China) and housed in standard environmental 
conditions (12 hours light-dark cycle, 50%-70% humid- 
ity, and 20°C-25°C). Food and water were provided ad 
libitum. Mice were quarantined for >7 days before study 
initiation. Nine mice in each group were used, to minimize 
the number of experimental animals needed, while ensuring 
the validity of statistical analyses. All experimental proce- 
dures were approved by the Office of Scientific Research 
Management of Central China Normal University (Wuhan, 
People's Republic of China), with a certificate of Application 



for the Use of Animals dated March 1, 2012 (approval 
ID: CCNU-IACUC-2012-011). 

Reagents and kits 

SWCNTs, 2',7'-dichlorodihydrofluorescein diacetate 
(DCFH-DA), 2-thiobarbituric acid (TBA), 3-carboxy-4- 
nitrophenyl disulfide (DTNB), and ascorbic acid were pur- 
chased from Sigma-Aldrich (St Louis, MO, USA). All other 
chemicals were of the highest grade available commercially. 
A mouse enzyme-linked immunosorbent assay (ELISA) kit 
for nuclear factor (NF)-kB was purchased from Blue Gene 
(Shanghai, People's Republic of China). Mouse ELISA kits 
for tumor necrosis factor (TNF)-a and interleukin (IL)-ip 
were purchased from eBioscience (San Diego, CA, USA). 
The mouse caspase-3 activity assay kit was purchased from 
Beyotime (Nanjing, Jiangsu, People's Republic of China). 

Preparation of SWCNTs 

The SWCNTs were dispersed in 0.9% NaCl with 0.1% 
Tween 80, and the suspensions were sonicated for 1 0 minutes 
before use. 

Characterization of SWCNTs 

SWCNTs were synthesized by the chemical vapor deposition 
method. The physical and chemical properties of SWCNTs 
were characterized by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray photoelec- 
tron spectroscopy (XPS), atomic force microscopy (AFM), 
and Raman spectroscopy. The shapes of SWCNTs were char- 
acterized using SEM (JEOL-6700F; JEOL, Tokyo, Japan) 
and TEM (JEM-2010; JEOL). Morphology of the SWCNTs 
was captured using AFM (Dimension Icon®; Brucker 
Corporation, Billerica, MA, USA) with tapping mode at 
ambient temperature. Trace amounts of metal were detected 
by XPS (ESCLAB 250Xi; Thermo Scientific, Waltham, MA, 
USA). Raman spectra were collected using a Raman Micro- 
scope (Renishaw in Via Plus; Renishaw, Hoffman Estates, IL, 
USA) with a 50x air objective lens and a 514 nm (1.96 eV) 
laser wavelength. 

Experimental protocol 

Mice were divided randomly into six experimental 
groups of nine animals. These groups were exposed to 
0, 3.125, 6.25, and 12.5 mg/kg/day SWCNTs,^^ 6.25 mg/ 
kg/day SWCNTs +100 mg/kg/day ascorbic acid (block 
group), and 100 mg/kg/day ascorbic acid.^" We intravenously 
injected the suspension daily through the tail vein."* Based on 
the period of ethological analysis we adopted in this study. 
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S WCNTs were administered for 9 days.^^ The first to seventh 
days were the hidden-platform acquisition test, the eighth day 
was the forgetting-period, and the ninth day was the probe 
trial test and open-field test (OFT) (Figure lA). 

Morris water maze 

The Morris water maze (MWM) was conducted to inves- 
tigate the cognitive ability of the mice. Mice were placed 
in a circular, featureless pool of cool opaque water, where 
they had to swim until they discovered the escape platform 
(which was invisible and beneath the water surface). The mice 
were allowed to rest on the platform before returning to the 
water for another attempt. After several days of training, the 
rodents learned to swim directly onto the platform, presum- 
ably by using spatial cues from the room as a reference. The 
biomarkers for the MWM were "escape latency" for learning 
and "swimming time in the southeast (SE) quadrant (search- 
to-platform area)" for memory. The biomarkers were used to 
ascertain the learning ability from the first to the seventh day 
and to measure memory ability by the search-to-platform area 
on the ninth day.^^ The equipment of the MWM is shown in 
Figure IB and Table 1. 

The training began 4 hours after the end of the daily expo- 
sure of the mice. The mice were released into the water from 
the northeast (NE), northwest (NW), and southwest (SW) 
quadrants, near to and facing the wall; each mouse had three 
trials per day. Each training session had a maximum duration 
of 60 seconds. If a mouse could not find the platform within 



60 seconds, the escape latency was recorded as 60 seconds, 
and the mouse was led to the platform and placed on it for 
30 seconds; this training continued until the seventh day. The 
first 7 days were used for the hidden-platform acquisition test 
to detect the learning ability of the mice. On the eighth day, 
the water maze was not used, allowing a period for the mice 
to forget the location of the platform. On the ninth day, the 
water maze was again used, but the platform was removed 
from the pool to detect the memory ability of the mice. The 
mice were put into the pool from the NE, NW, and SW quad- 
rants for the probe trial test also, and the camera recorded 
their tracks for 60 seconds. 

OFT 

The OFT is one of the most popular tests in neuroscience. 
The equipment of the MWM is shown in Table 1. The 
locomotor activity of the mice was assessed using an open- 
field, the methodological details for which have been given 
by Davis et al.^*" Briefly, the apparatus consisted of a square 
base (40 cm x 40 cm) surrounded by a 35 cm wall, with the 
floor divided into 16 squares. The "border" was defined as 
the 12 outer periphery squares of the 16 squares, and the 
"center" as the four squares in the center area. On the ninth 
day, each mouse was placed individually in the center of the 
open-field apparatus. Testing was conducted over 5 minutes 
(300 seconds), and recorded using a video tracking system. 
The walls and floors of the apparatus were cleaned thoroughly 
between tests with 10% ethanol. 



Group; mg/kg/day 
Group 1 : 0 
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Group 4: 12.5 
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Figure I The experimental protocol and the MWM devices used in this study. (A) The experimental protocol. 

Notes: Six groups of mice were intravenously injected with SWCNTs daily for 9 days. From the first day to the seventh day was the hidden-platform acquisition test, the 
eighth day was the forgetting-period; and the ninth day was the probe trial test. OFT was also carried out on the ninth day. Then, on the tenth day, the mice were sacrificed 
and their brains collected for subsequent analysis. (B) Morris water maze devices. The water maze was a 100 cm diameter pool, filled with water containing white paint (with 
negligible toxicity) to a depth of 20 cm. The water was kept at room temperature (23°C+ 1 °C). The pool was divided into four quadrants, and the platform was placed I cm 
below the water surface, in the center of the SE quadrant. A camera recorded the tracks of the mice. 

Abbreviations: MWM, Morris water maze; OFT, open-field test; SE, southeast; SWCNT, single-walled carbon nanotube; Vc, ascorbic acid. 



International Journal of Nanomedicine 2014:9 



submit your manuscript | www.dovepress.com 

Dovepress 



825 



Liu et al 



Doveore<;s 



Table 1 Equipment for ethological analysis 


Equipment (model) 


Manufacturer 


Software used 


Bio-effects tested 


Endpoints tested 


Morris water maze 
Open-field test 


Wuhan Yi-Hong Sci & Tech 
Co, Ltd (Wuhan, People's 
Republic of China) 
Wuhan Yi-Hong Sci & Tech 
Co, Ltd 


ANY-Maze™ (Stoelting 
Co, Wood Dale, IL, USA) 

ANY-Maze™ 


Cognitive ability 
Locomotor activity 


Search-to-platform 
area 

Travel in the center 
or border 



Brain histological assay 

Twenty-four hours after the intravenous injection on the 
ninth day, the mice were sacrificed by cervical dislocation 
and the brains collected. Brains were incubated in fixative 
(saturated 2,4,6-trinitrophenol/formalin/glacial acetic acid 
[15:5:1 v/v/v]) for 24 hours at room temperature. Hematoxylin 
and eosin (H&E)- and Nissl-stained slices were then prepared 
as previously described.^'-^^ Stained pieces were embedded in 
paraffin, sectioned into 10 yim slices, and observed using a 
DM 4000B microscope (Leica, Berlin, Germany). The aver- 
age optical density (OD) of each slice was determined using 
Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA) 
software. A non-stained region was selected and set as the 
background. All tissue sections were examined qualitatively 
by two experienced pathologists in a blinded fashion. 

Tissue sample preparation 

The collected brains were weighed in a completely automatic 
electronic balance. Tissue was placed in 10 mL/g ice-cold 1 x 
phosphate-buffered saline (PBS, pH =7.5) and homogenized 
using a glass homegenizer. Homogenate was centrifuged at 
10,000 rpm for 10 minutes at 4°C. The supernatant was col- 
lected and frozen at -70°C until assayed; the protein concentra- 
tion of supernatant was determined using the Lowry assay. ^' 

Detection of reactive oxygen species 

Reactive oxygen species (ROS) was measured using 
oxidation-sensitive fluorescent DCFH-DA, which is a non- 
fluorescent compound that is freely taken up by cells and 
hydrolyzed by esterases to 2',7'-dichlorodihydrofluorescein 
(DCFH). DCFH is then oxidized to the fluorescent dichloro- 
fluorescein (DCF) in the presence of peroxides, thereby indi- 
cating the level of intracellular ROS.'° Briefly, the supernatant 
was diluted ten times with PBS (pH =7.5), then 100 |J,L was 
removed to a 96-well microplate, and 100 jiL of 10 |J,mol/L 
DCFH-DA was added. The reaction mixture was kept in the 
dark for 30 minutes at 37°C, then the fluorescence intensity 
was measured at an excitation wavelength of 488 nm and an 
emission wavelength of 525 nm by a fluorescence reader (FLx 
800; BioTek Instruments, Vinooski, VT, USA). 



Measurement of malondialdehyde 

Malondialdehyde (MDA) can react with TBA to form a 
stable chromophoric production, which can be used to 
measure the concentration of MDA. Briefly, 2 mL 0.6% 
TBA solution (dissolved in 10% trichloroacetic acid) was 
added into 0.5 mL supernatant and incubated in boiling 
water for 15 minutes; proteins were precipitated, and pink 
pigments formed in the mixture. The mixture was cooled and 
centrifuged at 10,000 rpm for 5 minutes at 4°C. The super- 
natant was collected, and absorbance measured at 532, 600, 
and 450 nm. The concentration of MDA was calculated as 
MDA (|imol/L) = 6.45 x (OD53, - OD^J - 0.56 x OD^^^.^' 

Glutathione depletion assay 

Glutathione (GSH) can react with DTNB in the dark and 
produces 2-nitro-5-thiobenzoic acid (TNB). In case of 
disturbance by thiols in proteins, 10% trichloroacetic acid 
was used to delimitate these proteins. Afterwards, the pH 
was adjusted to 7.5 to yield the color-change reaction with 
DTNB (60 |J.g/mL), 50 jlL supernatant was transferred into 
the 96-well microplate, 150 jiL of DTNB added, and then 
incubated in the dark at room temperature for 5 minutes. 
Experimental and standard samples were analyzed using 
a microplate reader at a wavelength of 412 nm.'^ Based 
on the standard curve, the calculation was GSH(nmoL/ 
L)=OD^j/0.0023, i?2=0.997. 

Analysis of NF-KB,TNF-a, and IL- 1 p 
content, and caspase-3 activity 

The supernatant (mentioned in "Tissue sample preparation" 
previously) was used to detect the concentration of NF-kB, 
TNF-a, and IL-1 (3. The concentrations were measured using 
ELISA kits according to the manufacturers' instructions. The 
sensitivities of the ELISA kits were 0.1 ng/mL for NF-kB, 
8 pg/mL for TNF-a, and 80 pg/mL for IL-1 (3. The activation 
of caspase-3 was determined with the caspase-3 assay kit. 
This assay is based on spectrophotometric detection of the 
chromophore p-nitroanilide (pNA) after its cleavage from 
the labeled substrate acetyl-Asp-Glu-Val-Asp P-nitroanilide 
(DEVD-/)NA). Caspase-3 activities were determined 
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according to the manufacturer's instructions. Absorbance of 
the chromophore pNA produced was measured at 405 nm. 

Statistical analysis 

Analysis of variance (ANOVA) was applied for statistical 
analysis. Statistical graphs were generated using Origin 8.0 
(OriginLab, Berkeley, CA, USA) software. Statistical 
analyses were carried out using SPSS (SPSS, Chicago, 
IL, USA) software, version 13.0. A repeated measures 
ANOVA followed by a post hoc test named as Tukey was 
used for the MWM escape latency analyses; and all other 
data were analyzed by a one-way ANOVA followed by 
Tukey test. A f -value of <0.05 was considered a signifi- 
cant difference. 

Results 

Characterization of SWCNTs 

SWCNTs were characterized using SEM, TEM, AFM, XPS, 
and Raman spectroscopy to ascertain their quality. SEM 
images showed that the structure of the SWCNTs we used 
was a smooth tube shape (Figure 2A). TEM images showed 
a single-walled tube structure of materials (Figure 2B). XPS 
analysis revealed that the main metal catalysts were negligible 
in the SWCNT samples tested (Figure S3). In addition, the 
structure and purity of the SWCNTs were further analyzed by 
Raman scattering analysis. Raman spectra (Figure 2C) mea- 
surement using 514 nm excitation showed that G/D ratios were 
15.64. Raman radial breathing mode peak analysis indicated 
that the diameter of SWCNTs ranged from 0.88 to 1.56 nm. 
An AFM image was captured to characterize the diameter 
and the length of the SWCNTs (Figure S4). It was observed 
that the diameter of the SWCNTs was around 1 .0 nm, which 
is consistent with the Raman results. In addition, the length 
of the SWCNTs was around 1.38 jim. Characterization data 
showed that the quality of the SWCNTs perfectly met the 
requirements of subsequent experiments. 



MWM 

The cognitive ability of the mice after SWCNT exposure is 
shown in Figure 3; throughout 7 days of training, a reduc- 
tion in the escape latency (the time to find the platform) 
was observed in each group (Figure 3A). The latency of 
the control group had the fastest decrease (fastest learning) 
(slope =-5.82 seconds/day, P<0.01), whereas that of the 
12.5 mg/kg/day group had the slowest decrease (slowest 
learning) (slope =-3.56 seconds/day, P<0.01). A significant 
increase in average escape latency for 7 days was detected in 
the mice from the 6.25 and 12.5 mg/kg/day groups compared 
with the mice from the control group (Figure 3A). After the 
forgetting-period (the eighth day), on the ninth day, the spatial 
memories of the mice were evaluated. The time (in seconds) 
of each mouse remaining in the target quarter (SE quarter) 
were different, mice in the 6.25 and 12.50 mg/kg/day groups 
were significantly decreased (Figure 3B), and the frequency 
into or out from the target quarter showed the same trend 
(Figure 3C). However, mice in the 3.125 mg/kg/day group 
did not change significantly in all these items. From the data 
of the ninth day (Figure 3D), it is clear that the route taken 
by the mice in the control and 3. 125 mg/kg/day groups were 
purposeful, orderly, and focused on the target quadrant (SE), 
while the routes taken by the mice in the other groups were 
irregular and apparently without purpose. 

OFT 

The locomotor activity of the mice after SWCNT expo- 
sure is shown in Figure 3. There was a significant reduc- 
tion in the total distance traveled by the mice from the 
6.25 mg/kg/day and 12.5 mg/kg/day groups compared with 
the mice from the control group (Figure 3E). Figure 3F-I 
show that after SWCNT exposure, the mice travelling in 
the border area took longer and ran a greater distance. The 
defecation number (Figure 3H) also showed a significant 
increase in these groups. However, the results for the mice 





Raman shift/cm"^ 

Figure 2 Characterization of SWCNTs. 

Notes: (A) Scanning electron microscopy image of SWCNTs. (B) Transmission electron microscopy images of SWCNTs. (C) Raman spectra of SWCNTs. 
Abbreviations: SWCNT, single-walled carbon nanotube; d, reciprocal wavelength: au, arbitrary units. 
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a; 0 mg/kg/day SWCNTs; b: 3.125 
=: 6.25 mg/kg/day SWCNTs; d: 12. 



mg/kg/day SWCNTs 
5 mg/kg/day SWCNTs 



Figure 3 Morris water maze test (A-D), and open-field test (E-l) after SWCNT exposure. 

Notes: (A) The escape latency for first 7 days. (B) The swimming time in the target quadrant on the ninth day. (C) The number of target quadrant entries on the ninth 
day. (D) The swimming route of different exposure groups on the ninth day. (E) The total travel distance in the open-field. (F) The proportion of central/total distance. 
(G) The proportion of central/total entry times. (H) The defecation number. (I) Routes of the mice in the open-field. *P<0.05: **P<O.OI, compared with the control group 
(0 mg/kg/day SWCNTs). Slope analyses were taken by Origin 8.0 (OriginLab, Berkeley, CA, USA) software. 
Abbreviations: SWCNT, single-walled carbon nanotube; s, seconds. 



in the 3. 125 mg/kg/day group showed no significant change 
compared with the mice in the control group. 

Histological observation of mouse brains 

After the MWM and OFT, mouse brains were collected 
for histological observation. Through H&E staining 
(Figure 4, A1-A4), we found that pyramidal cells in the hip- 
pocampus CAj region of mice from the control group (Figure 
Al) were arranged in a tidy manner, wherein polygonal- 
shaped cells with clear edges were stretched in radial apical 
dendrites to the inner hippocampus. With increasing exposure 



concentrations (Figure A2-A4), there appeared to be patho- 
logical alterations in that the arrangement of cells became 
loose and disordered, with swelling deformations in cell shape 
and shortening or even the disappearance of apical dendrites. 
Nissl staining shown in Figure 4B, clearly demonstrates the 
neat arrangement and clear cytoplasmic staining of cells 
in the control group (Figure Bl), and the increase in Nissl 
substance with increasing exposure concentrations (Figure 
B2-B4) caused by damage to cells in a dose-dependent 
manner. Decreases in average OD were observed in the mice 
from the 6.25 and 12.50 mg/kg/day groups compared with the 




'PyrMm^tlal nSiirons, 
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'yramidal neurons 
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20 ^Jm 



4^ B1^ 'N[ss1substahce 



A3' 


1' 
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20 ^Jm 
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20 pm. 



20 ^Jm 



20 ^Jm 
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Figure 4 Histological observation (x40) of mouse brains after SWCNT exposure. {AI-A4) Hematoxylin and eosin staining. (BI-B4) Nissl staining. 

Notes: In (A I -A4) and (B I -B4), each of the four images represent the four different exposure groups, 0, 3. 1 25, 6.25, and I 2.5 mg/kg/day SWCNTs, respectively. Inset 
images are higher magnification views of the positively stained cells, demonstrating normal cells in the control group (A I and Bl), and abnormal cells in the other groups. 
Abbreviation: SWCNT, single-walled carbon nanotube. 
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mice from the control group (Figure S5 A), but mice from the 
3.125 mg/kg/day group showed no significant change. 

Oxidative stress level 

After ethological analysis and histological observation, the 
oxidative stress level in mouse brains was detected to explore 
the possible mechanisms of damage in mouse brains after 
exposure to SWCNTs. A significant increase in ROS level, 
which is the most important biomarker for oxidative stress, 
was observed in the mice of all exposure groups (Figure 5A). 
ROS can be associated with lipid peroxidation of unsaturated 
fatty acids in the plasma membrane. Compared with that of 
the mice in the control group, the MDA content of the mice 
in the 6.25 and 12.50 mg/kg/day groups increased signifi- 
cantly, but mice in the 3. 125 mg/kg/day group did not change 
noticeably (Figure 5B). GSH can scavenge ROS molecules 
to prevent oxidation. Figure 5C shows this GSH reduction. 
There was a significant reduction in GSH content in the mice 
in the 6.25 and 12.50 mg/kg/day groups; the mice from the 
3.125 mg/kg/day group did not change. 

Inflammation and apoptosis 

The inflammation and apoptosis levels are shown in 
Figure 5. The expression levels of NF-kB, a redox-sensitive 



transcription factor, in the 6.25 and 12.50 mg/kg/day groups 
increased significantly (Figure 5D). NF-kB can convert 
oxidative stress signals into changes in gene expression 
associated with diverse cellular activities, such as induced 
expression ofTNF-a and IL-ip. The expressions of TNF-a 
and IL- 1 (3 in this study demonstrated similar trends to that of 
NF-kB, with both increasing significantly (Figure 5E and F). 
Caspase-independent mechanisms are some of the most 
important mechanisms of apoptosis. A significant increase 
was observed in the activation of caspase-3 compared with 
that in the mice in the control group (Figure 5G). However, 
SWCNTs had no effect on any of these biomarkers at a dose 
of 3 . 1 25 mg/kg/day. 

The neuroprotective effects 
of ascorbic acid 

Ascorbic acid is a water-soluble vitamin with antioxidant 
properties that is readily absorbed by organisms. After 
ascorbic acid protection, we found that, in the MWM on the 
seventh day, compared with the mice in the 6.25 mg/kg/day 
group, the mice in the block group spent shorter times 
finding the platform (Figure 6A). They made their way 
more easily into the target quadrant and spent longer 
times in the target quadrant (Figure 6B and C), with more 
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Figure 5 The oxidative stress, inflammation, and apoptosis levels in the mouse brains after SWCNT exposure. 

Notes: (A) The relative fluorescence of ROS. (B) The concentration of MDA. (C) The concentration of GSH. (D) The concentration of NF-kB. (E) The concentration of 
TNF-a. (F) The concentration of IL-I fS. (G) The activity of caspase-3. *P<0.05; **P<O.OI, compared with the control group (0 mg/kg/day SWCNTs). 

Abbreviations: GSH, glutathione; IL-ip, interleukin I p; MDA, malondialdehyde; NF-kB, nuclear factor KB; ROS, reactive oxygen species: SWCNT, single-walled carbon 
nanotube; TNF-a, tumor necrosis factor a. 



International Journal of Nanomedicine 2014:9 



submit your manuscript | www.dovepi ess.com 

Dovepress 



829 



Liu et al 



Doveoress 



Morris water maze 



■■— Vc: slope =-5.82 s/day; P<0.01 

S; slope ^.25 s/day; P<0.01 
■A— Vc + S; slope =-5.27 s/day; P<0.01 





Vc S Vc + S 



Vc S Vc + S 



Vc S Vc + S 



Days of swimming training 



Open-field test 

n 



H 



t 

♦ 



2- 22- 
U 

n 20 



■g 16. 

e 
« 

U 14. 



Vc S Vc + S 



. t 



n 



Vc S Vc + S 



Vc 3 Vc + S 



Vc S Vc + S 




a: Vc; b: S; c: Vc + 8 




a: Vc; b: S; c: Vc + S 



Figure 6 The protective effects of ascorbic acid in the Morris water maze test (A-D) and in the open-field test (E-l). 

Notes: (A) The escape latency of different exposure groups for the first 7 days. (B)The swimming time in the target quadrant of different groups on the ninth day. (C) The number of 
target quadrant entries on the ninth day. (D)The swimming route on the ninth day. (E)The total travel distance in the open-field. (F)The proportion of central/total distance. (G)The 
proportion of central/total entry times. (H) The defecation number (1) Route of the mice in the open-field. ''P<0.05; '*P<0.0 1 , comparisons between the 6.25 mg/kg/day SWCNTs 
group and the block group {6.25 mg/kg/day SWCNTs + 1 00 mg/kg/day ascorbic acid). Slope analyses were taken by Origin 8.0 (OriginLab, Berkeley, CA, USA) software. 
Abbreviations: SWCNT, single-walled carbon nanotube; S, SWCNT; Vc, ascorbic acid; s, seconds. 



direct routes, which were orderly in shape and focused 
on the SE quadrant (Figure 6D). In OFT, compared with 
the mice in the 6.25 mg/kg/day group, the mice in the 
block group traveled longer distances in the open-field 
(Figure 6E), were more inclined to enter into the central 



area (Figure 6F-I), and had a significant reduction in def- 
ecation number (Figure 6H). 

Histological observations after ascorbic acid protection 
(Figure 7A and B) showed that although there still appeared 
to be damaged cells in the block group (A3), the amount 
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Figure 7 Histological observation (x40) of mouse brains after ascorbic acid protection. (A I -A3) Hematoxylin and eosin staining. (BI-B3) NissI staining. 
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was much lower than that of the 6.25 mg/kg/day group, 
and most cells in the block group remained intact and were 
stained homogeneously. Nissl staining results (Figure 7B) 
immediately showed that Nissl substance loss was lower in 
the mice from the block group (B3) (Figure S3B). 

As shown in Figure 8A, the amount of ROS generated 
was lower in the mice from the block group than that in 
the mice from the 6.25 mg/kg/day group. Meanwhile, 
the GSH level of the mice in the block group was sig- 
nificantly higher than that of the mice in the 6.25 mg/ 
kg/day group (Figure 8B). The expression of NF-kB in 
the mice from the block group was lower than that in the 
mice from the 6.25 mg/kg/day group (Figure 8C). The 
release of TNF-a and IL-ip in the mice from the block 
group was lower compared with the mice from the 6.25 
mg/kg/day group (Figure 8D and E); and the level of 
caspase-3 activation in the mice from the block group 
was lower than that of the mice from the 6.25 mg/kg/day 
group (Figure 8F). 



Discussion 

As one of the most prominent nano-objects, SWCNTs hold a 
great promise for application in medical neurosciences, hence 
systematic in vivo studies are urgently required to ensure the 
safe use of SWCNTs in the nervous system. In this study, we 
evaluated damage to mouse brains after exposure to certain 
SWCNTs and investigated the suitability of a protective agent 
to avoid damage caused by higher dosages. 

After exposure to SWCNTs, ethological analysis (MWM 
and OFT) of the mice showed behavioral changes. The results 
from the MWM test indicate that S WCNT exposure can nega- 
tively affect the cognitive abilities of mice. After 7 days of 
training, the mice from both the 6.25 and the 12.50 mg/kg/day 
groups required longer times to find the escape platform. In 
other words, the learning abilities of the mice from these 
groups were undermined to differing extents. In addition, 
for the mice from these two groups, both the number of SE 
quadrant entries and the time spent in the target quadrant 
decreased, and their swimming routes became irregular and 
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Figure 8 The oxidative stress, inflammation, and apoptosis levels in mouse brains after ascorbic acid protection. 

Notes: (A) The relative fluorescence of ROS. (B) The concentration of GSH. (C) The concentration of NF-kB. (D) The concentration of TNF-a. (E) The concentration 
of IL-lp. (F) The activity of caspase-3. ''P<0.05; *'P<O.OI, comparisons between the 6.25 mg/kg/day SWCNTs group and the block group (6.25 mg/kg/day SWCNTs + 
100 mg/kg/day ascorbic acid). 

Abbreviations: GSH, glutathione; IL-lp, interleukin 1(3; NF-kB, nuclear factor kB; ROS, reactive oxygen species; SWCNT, single-walled carbon nanotube; S, SWCNT; 
TNF-a, tumor necrosis factor a; Vc, ascorbic acid. 
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showed no purpose, demonstrating that the memory ability 
of the mice after SWCNT exposure was damaged. In OFT, 
the fact that the short total travel distance and routes were 
concentrated in the border area suggests that the higher 
two SWCNT exposure concentrations could decrease the 
locomotor activity of mice, while the increased defecation 
number reflected growth in anxiety. Therefore, to explore the 
reasons underlying these adverse effects, we investigated the 
possibility of damage to the internal brain structure. 

Many studies indicate the critical role that the hippocam- 
pus plays in cognitive abilities. Based on pyramidal neuron 
morphology and its sensitivity to anoxia, the hippocampus 
can be divided into several regions, termed CAj - CA^." As 
reported, there is a high degree of correlation between the 
function of CA^ pyramidal cells and conditioned reflex; the 
loss of pyramidal neurons in the CAj region may even be 
sufficient to cause anmesia.^'' Recently, the hippocampus has 
attracted significant attention as a region related to mood 
disorders, with some studies demonstrating that structural 
changes in this region play an important role in depres- 
sive illnesses, the symptoms of which include anxiety and 
decreased locomotor activity.^^ The histological observations 
of mouse brain sections demonstrated that after exposure 
to SWCNTs at certain concentrations, pyramidal neurons 
in the CAj region were damaged, and Nissl substance loss 
(ie, chromatolysis) took place in pyramidal cells, suggesting 
that neurotransmitter synthesis was affected, followed by 
an influence on the signal transmission between neurons. 
The cell damage could also partly account for the cognitive 
deficits and decreased locomotor activity in the mice after 
SWCNT exposure. 

The cellular metabolism of all aerobic organisms pro- 
duces ROS, which can be deleted by antioxidant enzymes 
and some nonenzymatic defenses. The imbalance between 
production and elimination of ROS is referred to as oxidative 
stress.^* The latter is related to tissue damage and is closely 
associated with further damage, such as that to large mole- 
cules including DNA, proteins, and lipids."'^* According 
to some researchers, nanoparticles entered into the central 
nervous system could activate microglial cells to produce a 
large number of free radicals.^' Because of its high oxygen 
consumption, high iron and lipid content, and low antioxidant 
defense activity,''" the central nervous system is highly sensi- 
tive to oxidative stress, and oxidative stress-mediated toxicity 
of CNTs in the lung, liver, and testes has been reported. '^ '" ''^ 
It is thus reasonable to consider oxidative stress as at least one 
of the causes of mouse brain damage in our study. Long-term 
elevation of ROS can be associated with lipid peroxidation of 
unsaturated fatty acids in the plasma membrane, so that MDA 



also becomes a representative biomarker of oxidative stress. 
GSH is a ubiquitous tripeptide, which primarily functions by 
reaction with hydrogen peroxide, but also scavenges other 
ROS molecules to prevent oxidation."^ In our study, after 
SWCNT exposure, the significant dose-dependent increases 
in ROS and MDA and the decrease in GSH collectively sug- 
gest that after SWCNT exposure, oxidative stress was induced 
in mouse brains. We propose that oxidative stress could be 
the starting point for the main mechanism accounting for the 
toxicity of SWCNTs in mouse brains. 

The effect of oxidative stress depends upon its degree; 
according to the hierarchical oxidative stress hypothesis,''^ the 
lowest level of oxidative stress is associated with cytoprotec- 
tive responses, eg, those using antioxidant and detoxification 
enzymes. If this level of protection fails, the oxidative stress 
will lead to proinflammatory effects. Further escalation will 
trigger disturbances in mitochondrial function, resulting in 
cellular apoptosis or necrosis. Initially, proinflammatory sig- 
naling cascades, including the NF-kB cascade, are activated. 
NF-kB, a redox-sensitive transcription factor, can convert 
oxidative stress signals into changes in gene expression 
associated with diverse cellular activities such as induced 
expression of TNF-a and IL- 1 (3 Apoptosis can be induced 
by mitochondrial perturbation and the release of apoptosis 
factors. Caspases have proteolytic activity that cleaves pro- 
teins at aspartic acid residues, and different caspases have 
different specificities involving the recognition of neighbor- 
ing amino acids. Once caspases are initially activated, there 
appears to be an irreversible commitment towards cell death.'"' 
Therefore, the activation of caspase-3 plays a pivotal role in 
apoptosis mechanisms. The results of our study suggest that 
SWCNT-induced oxidative stress could induce inflammation 
in mouse brains. NF-kB was accumulated and thus enhanced 
the release of proinflammatory mediators TNF-a and IL- 1 (3. 
In addition, the increased activation of caspase-3 revealed 
that it was activated as a result of the high levels of oxidative 
stress after SWCNT exposure. 

According to the results, at concentrations as high as 
6.25 and 12.50 mg/kg/day, not only was there a high level 
of oxidative stress and the occurrence of inflammation and 
even apoptosis, but functional and pathological lesions in 
the mouse brains were also detected. However, at a dose of 
3. 125 mg/kg/day, SWCNTs could induce only ROS accumu- 
lation, while inflairmation and apoptosis were not detected. 
Furthermore, at this dose, there were no behavioral changes 
detected (Figure 9). This provides an important clue for us 
that close attention should be paid to the dose of SWCNTs 
applied in the nervous system to ensure safe administration in 
related medical applications. For example, 3.125 mg/kg/day 
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Figure 9 Reiationsfiip between tine degree of damage and tlie level of oxidative stress. 

Notes: At low concentration, damage is slight and brain function is not affected. However, as exposure concentration increases, inflammation and apoptosis occur in the 
brain, damage worsens, and brain function is affected. 
Abbreviation: SWCNT, single-walled carbon nanotube. 



of SWCNTs was found to be a relatively safe dose for mice 
in this study. According to some researchers, the toxicity of 
carbon nanotubes may significantly differ between diameter 
and length; for example, long-CNTs more easily induce 
inflammation than short-CNTs."^^ So, considering the highly 



diverse structures and properties of SWCNTs, humans are 
exposed to SWCNTs in a variety of ways, and having a 
lower tolerance than mice, humans may be more easily sus- 
ceptible to damage. Hence, the use of effective protective 
agents in the application of SWCNTs appears to be a more 




Material characterization SWCNTs exposure Vc protection Oxidative stress Inflammation Apoptosis Neurotoxicity 

Figure 10 Potential mechanism of SWCNT-induced damage in mouse brains. 

Notes: SWCNT-induced adverse effects in the mouse brain occurs through ROS generation and oxidative stress. Oxidative stress then induces inflammation and apoptosis 
in the brain, so that the functions of the brain are affected, while ascorbic acid protects cells through the down-regulation of oxidative stress. 

Abbreviations: GSH, glutathione; H&E, hematoxylin and eosin staining; IL-lp, interleukin ip; MDA, malondialdehyde; MWM, Morris water maze test; NF-kB, nuclear 
factor kB; OFT, open-field test; ROS, reactive oxygen species; SEM, scanning electron microscopy; SWCNT, single-walled carbon nanotube; TEM, transmission electron 
microscopy; TNF-a, tumor necrosis factor a; Vc, ascorbic acid. 
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reliable approach to avoid associated damage to organisms. 
In addition, protective mechanisms should be explored. 

Antioxidants, both endogenous and dietary, can be con- 
sidered as a first line of defense against the generation of 
ROS."*^ Ascorbic acid is a water-soluble vitamin with anti- 
oxidant properties that is readily absorbed by organisms. As 
the results show, administration of ascorbic acid significantly 
mitigated the damage to mice by SWCNTs, and the cogni- 
tive abilities of the mice were improved and the decreased 
locomotor activity of the mice attenuated. The levels of brain 
cell damage, oxidative stress, inflammation, and apoptosis 
were also reduced. Thus, oxidative stress might be the best- 
developed paradigm to explain nanoparticle-induced toxicity. 
According to many studies from other groups, damage to the 
brain could be caused by the uptake of various nanoparticles 
by neuronal tissues, including not only nanometals or metal 
oxides,'""^' but also ambient nanoparticles. '^'^^ In these stud- 
ies, oxidative stress was also found to be one of the most 
important mechanisms involved in such damage. A similar 
situation has been observed in the administration of graphitic 
nanomaterials, such as graphene, nano-C60, and ultrafine 
carbon black.^"-^^ Accordingly, it is highly possible that ascor- 
bic acid may act as a protective agent against brain damage 
induced by other nanoparticles through down-regulation of 
the oxidative stress level. 

Conclusion 

To increase the safety of biomedical applications of SWCNTs 
to the nervous system in vivo, our study aimed to determine 
the effect of SWCNTs on mouse brains and to explore a suit- 
able protective agent against damage. In conclusion, the 
results suggest that SWCNTs will induce in mice cognitive 
deficits, decreased locomotor activity, and damage to the 
brain via oxidative stress. Furthermore, ascorbic acid was 
found to protect cells from damage by down-regulating the 
level of oxidative stress (Figure 10). Generally, more atten- 
tion should be paid to the concentration of SWCNTs and the 
simultaneous use of protective agents when SWCNTs are 
applied in the biomedical area. Further study on the protec- 
tive effects of ascorbic acid against toxicity induced by other 
promising nanomaterials is urgently needed to ensure their 
safe administration. 
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Figure S I Cytotoxicity characterizations of SWCNTs and protective effects of Vc in vitro. 

Notes: (A) The metabolic activity of N^a cells after SWCNT exposure was detected by the MTT assay. After 24 hours of exposure to SWCNTs, the metabolic activity of 
N^a cells decreased in a dose-dependent manner. (B) LDH release was used to measure membrane damage, and there was an extremely significant LDH release at the highest 
concentration (50 |ig/mL). (C) The generation of ROS was detected, and the 25 and 50 |-lg/mL groups both had extremely significant increases. (D) Caspase-3 activation 
was measured at 25 and 50 |-lg/mL SWCNTs, with exposure for 24 hours. Caspase-3 activation increased and indicated a caspase-3-mediated apoptotic pathway. (E) The 
metabolic activity of N^a cells after Vc protection. SWCNTs 50 |ig/mL was used to detect the protective effect at different concentrations of Vc (0, 0.01, 0.05, 0.25, and 
1 .25 mmol/L). After 24 hours, the metabolic activity of N^a was increased after Vc protection. Vc 0.05 mmol/L had a significant protective effect on N^a cells, so 0.05 mmol/L 
Vc was used to protect the N^a cells. (F) Vc down-regulated the LDH release level. Compared with the 50 g/mL group, the block group decreased significantly. (G) The 
generation of ROS in the block group was also significantly down-regulated. (H) Caspase-3 activation decreased after Vc protection compared with the 50 p^g/mL group. 
*P<0.05; **P<O.OI, compared with the control group {0 [ig/mL SWCNTs); '*P<0.05; '*P<O.OI, comparisons between the 50 [ig/mL SWCNT group and the block group 
(50 |ig/mL SWCNTs + 0.05 mmol/L Vc). 

Abbreviations: LDH, lactate dehydrogenase; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; N^a, mouse neuroblastoma; ROS, reactive oxygen 
species; SWCNT, single-walled carbon nanotube; Vc, ascorbic acid. 
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Figure S2 Potential mechanism of SWCNT-induced cytotoxicity on N^a cells. After 
exposure to SWCNTs, N^a cells are damaged, ROS is produced, and there is a 
high level of ROS-induced apoptosis and reduced metabolic activity of N^a cells. Vc 
protects against the production of ROS and thus protects cells from damage. 
Abbreviations: LDH, lactate dehydrogenase; N^a, mouse neuroblastoma; ROS, 
reactive oxygen species; SWCNT, single-walled carbon nanotube; Vc, ascorbic acid. 



285 290 295 300 

Binding energy (eV) 



Cu 



Fe 



710 720 730 740 

Binding energy (eV) 



925 930 935 940 945 950 955 960 

Binding energy (eV) 



B 

5,000 

4,800 

4,600 

4,400 

■ 4,200 

: 4,000 
I 

] 3,800 

3,600 

3,400 

3,200 

3,000 4 
630 



E 

7,000 

6,800 

6,600 

I 6,400 
I 

i 6,200 
' 6,000 
5,800 
5,600 
8 

H 

4,000 
3,800 
3,600 
I 3,400 
i 3,200 
' 3,000 
2,800 
2,600 



Mn 



635 640 645 650 655 660 

Binding energy (eV) 



850 860 870 880 

Binding energy (eV) 



Ti 



ifl'^^-f ■«l»*»'*^^^'>'>/w*■'^>^^^»rt^^y^)|^^^■v 



450 455 460 465 470 475 

Binding energy (eV) 



c 

8,500 T 

8,250 

8,000 

7,750 

7,500 

7,250 

7,000 

6,750 

6,500 

6,250 

6,000 

F 

6,500 

6,250 
6,000 
5,750 
5,500 
5,250 
5,000 
4,750 
4,500 



1,500 
1,400 
1,300 
1,200 
1,100 
1,000 
900 
800 
700 
600 
500 



Zn 



1,015 1,020 1,025 1,030 1,035 1,040 1,045 1,050 1,055 

Binding energy (eV) 

Co 



780 790 800 810 

Binding energy (eV) 



Al 



Binding energy (eV) 



Figure S3 X-ray photoelectron spectra of single-walled carbon nanotubes: (A) C Is, (B) Mn 2p, (C) Zn 2p, (D) Cu 2p, (E) Ni 2p, (F) Co 2p, (G) Fe 2p, (H) Ti 2p, 
and (I) Al 2p. 

Abbreviations: C, carbon; Mn, manganese; Zn, zinc; Cu, copper; Ni, nickel; Co, cobalt; Fe, iron; Ti, titanium; Al, aluminum; Counts/s, counts per second. 
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Figure S4 Atomic force microscopy image of single-walled carbon nanotubes. 
Note: The inset section curve shows the diameter of the carbon nanotubes. 
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Figure S5 The average optical density of NissI staining. 

Notes: **P<0.0 1 , compared with the control group (0 mg/kg/day SWCNTs); *'P<0.05, comparisons between the 6.25 mg/kg/day SWCNTs group and the block group (6.25 
mg/kg/day SWCNTs + 100 mg/kg/day ascorbic acid). 

Abbreviations: SWCNT, single-walled carbon nanotube; S, SWCNT; Vc, ascorbic acid. 



g submit your manuscript | 

Dovepress 



International Journal of Nanomedicine 2014:9 



Doveoress 



Neurotoxicity of SWCNTs and neuroprotective effects of ascorbic acid 



International Journal of Nanomedicine 

Publish your work in this journal 

The International Journal of Nanomedicine is an international, peer- 
reviewed journal focusing on the application of nanotechnology 
in diagnostics, therapeutics, and drug delivery systems throughout 
the biomedical field. This journal is indexed on PubMed Central, 
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 



Dovepress 



Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials. php to read real quotes from published authors. 



Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal 



International Journal of Nanomedicine 2014:9 



submit your manuscript | www.dovepi ess.com 

Dovepress 



839 



